. 2008. Population structure, chemotype diversity, and potential chemotype shifting of Fusarium graminearum in wheat fields of This study was to investigate the variation of acetyl ester derivative of DON at 15-position oxygen (15ADON) and acetyl ester derivative of DON at 3-position oxygen (3ADON) chemotypes and potential chemotype shifting of Fusarium graminearum based on the population structure of this species in Manitoba. The study was conducted in 15 locations with wheat cvs. Superb and AC Barrie in Manitoba from 2004 to 2005. Percentages of chemotypes 3ADON and 15ADON of F. graminearum ranged from 0 to 95.7 and 4.3 to 100%, respectively. The 3ADON chemotype was distributed in the southern part of Manitoba and predominant in Morris and Horndean. The two chemotypes almost shared the same percentage in Portage la Prairie. The 15ADON chemotype was predominant in the other locations. Significant gene flow was found among the populations from Sanford, Portage la Prairie, Hamiota, Plumas, Rapid City, and Virden; the populations from Cartier, Rivers, Killarney, and Souris; and the populations from Morris, Kenville, and Dauphin. There were no differences between the populations from two wheat cultivars and two chemotypes. The great variation of chemotype likely resulted from the great genetic diversity of F. graminearum. Sexual recombination, population age, and cropping system could result in genetic and chemotypic diversities. Wheat seed shipment and long-distance spore transportation of F. graminearum potentially caused the genetic migration and chemotype shifting in Manitoba.
Fusarium head blight (FHB), caused by Fusarium graminearum Schwabe (teleomorph = Gibberella zeae (Schwein.) Petch) and other Fusarium spp., is one of the most destructive diseases in wheat worldwide. Since it was first reported in 1884 (11) , FHB disease spread quickly over the cereal production areas, including North America, Europe, and East Asia (11) . The disease causes wheat yield loss of up to 50% and damages wheat quality (including protein quality, kernel test weight, and color), threatens safety of human food, and causes animal diseases, which results in difficulties for wheat marketing, exporting, and processing (11) .
Molecular techniques allowed identification of F. graminearum from other species (4) and genetic information of the species populations (3, 7, 9) . Aoki and O'Donnell (1) grouped F. graminearum into two separate species, group 1 (F. pseudograminearum) and group 2 (F. graminearum). O'Donnell et al. (19) proposed nine geographically structured lineages of F. graminearum based on the DNA sequences of 11 unclustered genes from the isolates collected worldwide. Genetic structures of F. graminearum have been characterized in different places in Europe (3), Asia (9) , America (6, 7, 26) , and other regions worldwide (15, 19) .
F. graminearum produces trichothecene mycotoxins. One of the most important toxins is deoxynivalenol (DON), known as vomitoxin, which inhibits protein biosynthesis in eukaryotic organisms (5) and causes feeding refusal, diarrhea, emesis, alimentary hemorrhaging, and contact dermatitis in animals (5) . Human illnesses aleukia and Akakabi, and syndromes including nausea, vomiting, anorexia, and convulsion, are associated with F. graminearum.
Three chemotypes, which are strainspecific profiles of trichothecene metabolites, were found in F. graminearum (5) . They produce a C-4 oxygenated derivative of DON, nivalenol (NIV); an acetyl ester derivative of DON at 15-position oxygen (15ADON); and an acetyl ester derivative of DON at 3-position oxygen (3ADON) (5) . The biosynthesis pathway of trichothecene toxin has been well characterized in F. graminearum (5) . The 15ADON chemotype is predominant in North America and the 3ADON chemotype is predominant in some areas in Asia, including China, Australia, and New Zealand (16) .
A higher frequency of the 3ADON chemotype isolates was found in North Dakota and Minnesota in recent years than before (8) . Recent molecular surveillance showed that chemotype 3ADON was replacing 15ADON from eastern to western Canada (25) , though a study found no chemotype 3ADON in Ontario (23) . However, genetic evidence to indicate whether there really was a chemotype shift in the above regions has not been studied. Recent studies showed that a 3ADON chemotype isolate produced more DON than a 15ADON chemotype isolate (25) . These situations cause increasing concern to the cereal industries.
The objectives of this study were to investigate variations of chemotype of F. graminearum and potential chemotype shifting of F. graminearum and to understand the reasons for the above by analyzing genetic diversity and gene flow in the populations of F. graminearum isolates in Manitoba.
MATERIALS AND METHODS
Isolate collection and DNA extraction. In total, 291 F. graminearum isolates were collected from wheat heads in 17 Fig. 1 ). The wheat heads were collected 21 days after anthesis and surface sterilized using 1% bleach for 1 min, washed using sterilized distilled water (sd water) for 1 min, and then dried under a flow hood. The spikelets were taken off the wheat heads and put on a potato dextrose agar (PDA; Difco Laboratories, MD) medium and incubated under fluorescent light at room temperature for 7 days. F. graminearum colonies were identified initially using the method described by Nelson (18) , transferred to a Fusarium-specific mediumspecific nutrition-poor agar (SNA), and incubated for 7 days for sporulation under the same conditions as above. F. graminearum sporodochia in the SNA medium were washed three to four times using a drop of 50 µl of sd water, and the macroconidia suspension in sd water was spread over the surface of a water agar (WA) medium. The macroconidia on the WA were incubated under the same conditions for 6 h, and a single macroconidium was transferred to a PDA medium and incubated for 10 days. The mycelium was harvested, lyophilized for 10 h, and stored at -80°C until use.
DNA extraction was performed using the method described by Fernando et al. (7) . The lyophilized fungal mycelium was ground in 600 µl of TES buffer (100 mM Tris, 10 mM EDTA, and 2% sodium dodecyl sulfate) in a 1.5-ml microcentrifuge tube. Then, 140 µl of 5 M NaCl and 70 µl of 10% cetyltrimethylammonium bromide were added to the tube and vortexed. The mixture was incubated at 65°C for 20 min. Next, 600 µl of a mixture of chloroform and isoamyl alcohol (vol/vol, 24:1) was added and then centrifuged at 10,000 rpm for 15 min. The supernatant was transferred into a new tube. The latter step was repeated. Then, 80 µl of 5 M NaCl and 1,000 µl of 100% ethanol were added to precipitate the DNA, and the solution was centrifuged at 13,000 for 5 min. The DNA pellet was washed using 200 ml of cold 80% ethanol. After drying, the pellet was suspended in 100 µl of warm sd water (37°C). The DNA was quantified using 1% agarose gel and diluted to 10 ng/µl.
Identification of F. graminearum and chemotypes. Identification of F. graminearum was performed using the specific polymerase chain reaction (PCR) marker described by Demeke et al. (4) . Two primers were used in the PCR, Fg16F (5′-CTCCGGATATGTTGCGTCAA-3′) and Fg16R (5′-GGTAGGTATCCGACATGG CAA-3′), which produced a fragment of 450 bp ( Fig. 2A) . The PCR reaction was performed in a 25-µl volume, containing 20 ng of template DNA, 1.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris HCl (pH 8.0), 0.2 mM each dNTP, 0.4 µM each primer, and 0.75 units of Taq DNA polymerase.
F. graminearum chemotype was identified using the multiplex PCR marker developed by Ward et al. (24) . The three primers used in the PCR were 3CON (5′-TGGCAAAGACTGGTTCAC-3′), 3D15A (5′-ACTGACCCAAGCTGCCATC-3′), and 3D3A (5′-CGCATTGGCTAACACATG-3′). They produced a 610-bp fragment for the 15ADON chemotype and a 243-bp fragment for the 3ADON chemotype ( Amplification of polymorphisms. The sequence-related amplified polymorphism (SRAP) technique (12) was used for the analyses of genetic diversity and migration of F. graminearum. Out of 36 primer pairs, 4 SRAP primer pairs were screened based on efficiency of the primers producing polymorphic bands. They were ODD9 (5′-AGTTCCTCAGACGCTACC-3′) and ODD15 (5′-GCGAGGATGCTACTGGTT-3′), DC1 (5′-TAAACAATGGCTACT CAAG-3′) and RP1 (5′-CATTGTGGA TGGCATCTGA-3′), ODD30 (5′-GCG ATCACAGAAGGAAGGT-3′) and EM1(5′-GACTGCGTACGAATTCAAT-3′), and . The PCR products were separated by electrophoresis using 5% polyacrylamide DNA sequence gel with 7.5 M urea for denaturing DNA. Gel fixing, staining, and developing were followed to visualize the DNA bands using the silver-staining kit (Promega Corp., Madison, WI). Data analysis. Percentage of a chemotype was assessed as the number of the isolates with this chemotype divided by total number of F. graminearum isolates from a location, multiplied by 100. An F. graminearum population was defined as all isolates collected from one location, wheat cultivar, or chemotype. Polymorphic DNA bands were estimated as two-allele loci with the presence of fragment assigned to 1 and the absence of fragment assigned to 0. Therefore, a binary matrix including the number of F. graminearum isolates and DNA polymorphisms was developed. The software POPGENE (version 1.32; Molecular Biology and Biotechnology Center, University of Alberta, Edmonton, Canada) was used for genetic data analysis. Genetic diversity of the populations from different locations, wheat cultivars, and chemotypes (H) was estimated using the formula H = 1 -ΣP i 2 , where P i was frequency of allele i at the locus (17) . Heterozygosity and percent polymorphic loci were assessed for all of the types of populations. Genotypic diversity was estimated using Shannon's information index (s) (21). Fisher's exact test was used for differentiation of different types of populations. Gene flow (genetic migration) was calculated using the formula N m = (1 -F st )/(4 × F st ) (22) , where N was population size, m was migration rate of gene flow, N m was average number of migrants among the populations, and F st was variance in allele frequencies between the populations (22) . The cluster phenograms for different locations and regions were constructed using the unweighted pair-group method with arithmetic average (UPGMA) from Nei's genetic distance with 1,000-replicate bootstrap sampling (17) .
RESULTS
Chemotypes of F. graminearum. Based on the data collected from the 15 Fig. 2 . A, Fusarium graminearum DNA amplified using the species-specific polymerase chain reaction (PCR) (4). The 450-bp fragment represented F. graminearum species on 2% agarose gel. B, DNA of chemotype isolates amplified using the multiplex PCR (24) . The 610-bp fragments represented chemotype acetyl ester derivative of DON at 15-position oxygen (15ADON) and the 243-bp fragments represented chemotype acetyl ester derivative of DON at 3-position oxygen (3ADON) on 2% agarose gel. Table 2 ). Shannon's information index (s) showed that higher levels of genotypic diversity existed in the populations from Morris (0.4085), Portage la Prairie (0.4038), Sanford (0.3432), and Hamiota (0.3092) than in the populations from the other locations ( Table 2 ). The population from Dauphin had the lowest s value. Heterozygosity of different populations ranged from 0.0936 (Dauphin) to 0.2726 (Morris), which was consistent with Shannon's information index (Table  2) .
Genetic and genotypic diversity of F. graminearum populations were measured from both wheat cvs. Superb and AC Barrie and chemotype 3ADON and 15ADON strains (Table 3) . A high percentage of polymorphic loci was observed in all the populations, ranging from 95.15% (Superb) to 97.09% (AC Barrie) for the cultivars and from 96.15% (15ADON) to 97.09% (3ADON) for the chemotypes (Table 3) . High levels of heterozygosity were found in the populations from Superb (0.2385) and AC Barrie (0.2533) and in the populations from 15ADON (0.2264) and 3ADON (0.2827) ( Table 3 ). Shannon's information index and ratio of genotype and population size also showed a similar trend (Table 3) .
Population structure. Population structure was determined using genetic distance and identity of populations. Nei's genetic identity index showed that populations from Portage la Prairie and Hamiota (0.9554), Rapid City and Virden (0.9571), Cartier and Rivers (0.9803), and Morris and Kenville (0.9100) were closer to each other than to others (Table 4) , which was consistent with genetic distance between the same populations. The results of UP-GMA cluster analysis using Nei Fig. 3 ). The genetic distance between populations within these individual subgroups ranged from 0.0438 to 0.1127, 0.0199 to 0.0495, and 0.0943 to 0.3088, respectively ( Table 4) .
The analysis of population differentiation revealed genetic variations among different locations. The populations from Sanford, Portage la Prairie, Hamiota, and Plumas were not significantly different from each other, and a greater gene flow was found among them, ranging from 2.4434 between populations from Sanford and Plumas to 18.9608 between Portage la Prairie and Hamiota (Table 5 ). There were no significant differences between populations from Rapid City and Virden; from Cartier, Rivers, and Killarney; and from Morris, Kenville, and Dauphin (Table 5 ). An extensive gene flow was observed among these locations. It was discovered that, except for the population from Morris, no populations showed gene flow with the population from Dauphin, and only the populations from Rapid City and Virden showed gene flow with the population from Kenville. The other population pairs were significantly different from each other (Table 5 ). It was observed that a gene flow existed among some populations that were significantly different from each other ( Table 5 ). For example, there was gene flow (N m > 1) among the locations Sanford, Portage la Prairie, Hamiota, Plumas, Rapid City, and Virden; however, some of the populations were different from each other, such as the populations from Sanford and Virden (Table 5 ). Gene flow also was found among the popula- tions from Cartier, Rivers, Killarney, and Souris (Table 5 ). This was consistent with the results of genetic distance and identity. Population structure also was determined for the populations from wheat cultivars and chemotypes (Table 6 ). Genetic distance and identity for the populations from cultivars were 0.0089 and 0.9911, respectively, and 0.0246 and 0.9757 for the populations of chemotypes (Table 6 ). This indicates that there are close relationships within the populations from wheat cultivars and chemotypes. The analyses of population pairwise comparison and genetic migration revealed a gene flow between the populations of two wheat cultivars and between those of the two chemotypes, which were not significantly different from each other ( Table 7) .
DISCUSSION
This study reported the distribution of F. graminearum chemotypes 15ADON and 3ADON and the potential chemotype shifting in Manitoba. This was the first study undertaken in Manitoba with a large population over a 2-year period. This study exhibited a large variation in percentage of chemotypes among the F. graminearum populations from different locations. Although chemotype 15ADON is predominant in Manitoba, chemotype 3ADON has recently emerged and showed an increasing trend in southern Manitoba (25) . Our study showed that 3ADON was distributed in the southern part of this province and was predominant in the Morris and Horndean areas. Possible reasons for variation in percentage of chemotypes include introduction of chemotypes into a new area with seed or stubble; however, this study focused on population structure and genetic migration accounting for this variation. Because it is difficult to find identical farmers' fields between different years to trace chemotype changes, our study investigated the genetic analysis for the F. graminearum populations from different locations to study potential chemotype shifting.
The variation in percentage of chemotypes in different locations was associated with the degree of genetic diversity of F. graminearum populations from the corresponding locations (Table 2) , as well as different chemotypes and cultivars (Table  3) . Sexual reproduction of the pathogen is one of the most important factors causing genetic diversity. The pathogen is a homothallic fungus but it can be outcrossed both in culture (2) and in nature (6, 14) . Dusabenyagasani et al. (6) reported that there was a high frequency of sexual recombination in Ontario and Quebec, Canada. Our study revealed great genetic diversities of F. graminearum populations from some locations ( Table 2 ). In Sanford, out of 19 F. graminearum isolates, 16 isolates were unique genotypes, the genetic diversity index (H) was 0.2270, and polymorphic loci accounted for 67.96%. In Morris, 19 different genotypes were found from 23 isolates; genetic diversity index and percentage of polymorphic loci were 0.2726 and 46.6%, respectively. The isolates from Portage la Prairie exhibited the highest percentage of polymorphic loci. This suggests that the frequencies of sexual recombination of the pathogen were higher in these three locations, in which isolates with the 3ADON chemotype were predominant. Sexual recombination within F. graminearum populations likely leads to the large variation of chemotypes among different locations, though progeny segregation of chemotypes has not been reported. In Germany, Cumagun et al. (3) reported a large genetic variation of the pathogen derived from a cross between two DON-producing isolates; significant segregation of DON production and pathogenicity was found in the progenies. However, the parents and progenies were not identified for chemotypes.
The age of a population from a certain location is likely another important factor for genetic diversity. The longer the history of the population, the more chances the pathogen isolates have for sexual recombination or mutation and the greater the genetic diversity in this population. Thus, the populations from locations Sanford, Morris, and Portage la Prairie could be older than other locations.
Tillage systems affect genetic diversity of the population as well. Zero tillage or minimum tillage leaves a greater amount of wheat stubble on the soil surface than conventional tillage, which could be a large reservoir of perithecia because perithecial formation needs light (10) . Therefore, zero tillage or minimum tillage likely causes a greater genetic diversity than conventional tillage. With the introduction of zero-and minimum-tillage practices in the prairies in the past 18 years, the chances for the genetic diversity of the pathogen populations to increase would have been greater.
Genetic identity and migration of F. graminearum populations within the subgrouped locations, and the populations within the chemotypes and wheat cultivars, revealed potential chemotype shift. However, it was found that some populations that were not geographically close to each other, including Portage la Prairie and Hamiota, Cartier and Rivers, and Morris and Kenville or Dauphin, were similar to each other (Tables 4 and 5 ; Fig. 3 ). Wheat seed shipment was likely one reason for the genetic migration between these locations. A study revealed the capability of ascospore survival during long-distance transportation through the planetary boundary layer (13) , and a great genetic diversity and gene flow of the pathogen existed spatially and temporally. Therefore, this is another possibility for the genetic migration between populations located far from each other.
Generally, a high level of gene flow results in a low level of genetic diversity among populations. In our study, great variations of chemotypes were found within the subgroups of locations, in which significant gene flows existed. Nevertheless, our study found that the greatest difference in percentage of chemotype 3ADON was 21.8% among locations Sanford, Portage la Prairie, Hamiota, and Plumas; 17.9% between locations Cartier, Rivers, Killarney, and Souris; and 95.7% between locations Morris, Killarney, and Dauphin (Table 1 ; Fig. 3 ). This suggests that there were likely greater genetic diversities and variations of chemotypes in the earlier years.
Our study found that the population from Dauphin had no gene flow with the populations from other locations except Morris, and the population from Kenville showed only low gene flow with the populations from Rapid City and Virden. Furthermore, only 15ADON isolates were found in Dauphin and Kenville. Alternatively, no 3ADON shift was detected from other locations. However, there were only three F. graminearum isolates collected from Dauphin and three from Kenville due to the lower FHB disease incidence in the two locations than the others (data not shown A greater percentage of genotype was found in the populations from the cultivars (70.6 to 71.5%) and chemotypes (69.4 to 74.4%), and there were no differences between the populations from the cultivars and chemotypes. It suggests that the populations from two cultivars and two chemotypes could be differentiated from each other and had low genotypic diversity in earlier times. With the effects of gene flow between the populations and sexual recombination within the populations, the populations became more similar to each other and the levels of genotypic diversity in the populations increased. It has been reported that there was no relationship between chemotype difference and genotype change (24). In all, the variations of percentage of chemotypes could result from genetic diversity of F. graminearum populations in Manitoba, which could be associated with sexual recombination, age of populations, and tillage system. The significant gene flows in southern Manitoba likely caused potential chemotype shift; however, the direction of the shift is difficult to measure. Wheat seed shipment and longdistance spore transportation between different locations likely contributed to the gene flow observed in this study.
